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Abstract
The purpose of the present work has been to investigate the ability of the profile
transformation method in ANSYS CFX to give realistic inlet boundary conditions
to a draft tube without using excessive amounts of computational resources.
A mesh supplied for the Francis-99 workshops was cut and modified. Transient
simulations at the best efficiency point were conducted on the modified mesh con-
taining one guide vane, one runner blade, one splitter and the draft tube. The
results were compared to results from a simple draft tube simulation, a tran-
sient rotor-stator simulation, laser Doppler velocimetry measurements and pres-
sure measurements. The profile transformation method simulation was done for
one and seven runner rotations to evaluate the convergence. It was found that the
profile transformation simulation used far less computational resourced compared
to the transient rotor-stator simulation but the flow in the draft tube was not as
well captured.
The transformation method approach has potential but several sources of error
must be further investigated to conclude on the methods suitability for application
to high head Francis turbines.
ii

Sammendrag
Hensikten med det presenterte arbeidet har vært a˚ undersøke evnen til profile
transfromation method i ANSYS CFX til a˚ gi realistiske innløpsbetingelser til
et sugerør uten a˚ bruke store mengder beregningsressurser.
Et mesh laget for Francis-99 workshopene ble kuttet og endret. Tidsavhengige
simuleringer pa˚ beste driftspunkt ble gjennomført pa˚ de modifiserte meshene som
besta˚r av en ledeskovel, en løpehjulsskovel, en halvskovel og sugerøret. Resul-
tatene ble sammenlignet med resultatene fra en enkel sugerørsimulering, en tran-
sient rotor-stator-simulering, laser dopplervelosimetri ma˚linger og trykkma˚linger.
Profile transformation method simuleringen ble gjort for ett og syv løpehjuls-
rotasjoner for a˚ evaluere konvergens. Det viste seg at profile trasnformation method
bruker langt mindre beregningsressurser i forhold til den transiente rotor-stator-
simuleringen, men strømningen i sugerøret ble ikke beregnet sa˚ godt.
Transformation method tilnærmingen har potensial, men flere feilkilder ma˚ un-
dersøkes nærmere for a˚ kunne konkludere for metodens egnethet for bruk med
Francisturbiner med høy fallhøyde.
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1Transient CFD-analysis of a high
head Francis turbine
Ruben Moritz and Michel J. Cervantes
Abstract—The purpose of the present work has
been to investigate the ability of the profile trans-
formation method in ANSYS CFX to give real-
istic inlet boundary conditions to a draft tube
without using excessive amounts of computational
resources. Amesh supplied for the Francis-99 work-
shops was cut and modified. Transient simulations
at the best e ciency point were conducted on the
modified mesh containing one guide vane, one run-
ner blade, one splitter and the draft tube. The re-
sults were compared to results from a simple draft
tube simulation, a transient rotor-stator simula-
tion, laser Doppler velocimetry measurements and
pressure measurements. The profile transformation
method simulation was done for one and seven run-
ner rotations to evaluate the convergence. It was
found that the profile transformation simulation
used far less computational resourced compared to
the transient rotor-stator simulation but the flow
in the draft tube was not as well captured. The
transformation method approach has potential but
several sources of error must be further investi-
gated to conclude on the methods suitability for
application to high head Francis turbines.
I. Nomenclature
BEP Best e ciency point
CFD Computational fluid dynamics
CPU Central processing unit (in a computer)
DT Draft tube
FFT Fast fourier transform
GGI General grid interface
GV Guide vane
LDV Laser Doppler velocimetry
PR Pressure recovery
PT Profile transformation
RAM Random access memory (in a computer)
RMS Root mean square
SST Shear stress transport
TRS Transient rotor-stator
—t Time step [s]
—x Length of mesh cell [m]
f.l.t First layer thickness of mesh at wall [mm]
‹ Kinematic viscosity [m2/s]
P Pressure [Pa]
ﬂ Water density [kg/m3]
RPS Rotations per second [/s]
t time [s]
· Wall shear stress [Pa]
v Velocity [m/s]
y+
Ò
·
ﬂ
f.l.t.
‹
Subscripts
1 Draft tube inlet
2 Draft tube outlet
all In axial, tangential and radial direction
II. Introduction
The draft tube (DT) is an important part of a
hydro power plant as it increases the e ective head
over the runner and a ects the dynamic behaviour
of the whole system. The flow in a DT is complex
and time dependent. Computational fluid dynamics
(CFD) is widely used in the development and the
design of hydro power plant components including the
DT. The inlet boundary conditions are crucial in such
simulations, especially for transient simulations. It has
become very important to study the transient e ects
in hydro power components as hydro power plants
increasingly are used outside their best e ciency point
(BEP) where transient e ects have a large impact on
the machine reliability and performance.
A transient rotor stator (TRS) simulation from the
spiral casing inlet to the DT outlet is necessary to
capture most of the transient e ects. This requires a
large mesh and a transient simulation consuming a lot
of computer resources and time.
Such a simulation has been conducted by Trivedi
[1] and the results were compared with experimental
measurements. It was found that the results were
evenly matched, specially at the BEP. The simulations
were done on a cluster with 84 processors and took a
full week to complete.
It is common practice to simulate a DT with no
upstream components or with a limited part of the
2upstream components to make the simulation feasible.
Simulations done on the geometry of the Turbine-99
[2] workshops by for example Breivik [3] and Moritz [4]
were similar to many Turbine-99 simulations; steady
state simulations done with given inlet boundary con-
ditions consisting of a experimental velocity profile at
the inlet. Simulations done with both the Turbine-99
runner and DT have been carried out by Jedvik [5]
and he concludes that there is a strong interaction
between the runner and the Kaplan DT.
These simplifications allow using far less compu-
tational resources compared to TRS simulations but
compromise on accuracy by not capturing transient
e ects or by not resolving the interaction between the
DT and upstream components.
It is desirable to find a way to do relatively fast
transient simulations of a DT without compromising
on accuracy. One way is to use one or a few runner
blades and guide vanes (GV) and let the software copy
the results to give a solutions for the whole assembly.
This way the components directly upstream from the
DT could be simulated with a far smaller mesh. The
problem has been that unequal pitch between GVs and
runner prevents this from being done. ANSYS has a
solution to this problem in CFX called transformation
methods which makes it possible to simulate parts of
the runner and GV regardless of unequal pitch.
Research has been done on transformation methods
by Connel et al. [6] and Zori et al. [7]. The pro-
file transformation (PT), fourier transformation and
time transformation methods were used to simulate a
high pressure power turbine stage and a low pressure
aircraft engine turbine stage [6], and PT and time
transformation methods were used on a transonic
compressor stage [7]. The results were compared to
TRS simulations done on the same geometries. Connel
et al. and Zori et al. conclude that each of the
transformation methods has its positive and negative
sides, but all of them reduce the computation time sig-
nificantly while having small impact on the accuracy
compared to TRS simulations.
The present work investigates the inlet conditions
the PT method can give for a hydro power DT and
the computational resources needed for this method
compared to TRS simulations. Simulations using the
PT method were conducted for the Francis-99 geome-
try. The results were compared to a simulation of the
DT alone, a TRS simulation and experimental laser
Doppler velocimetry (LDV) and pressure measure-
ments. Additionally the computational time for the
PT simulation was compared to the TRS simulation.
III. Experimental setup
The Tokke power plant was built in the early 1960s
and consists of 4 Francis turbines which produce a
total power of 430 MW [8]. The turbines operate at a
head of 377 m and a flow of 32 m3/s at the BEP [9,
p. 30]. The model used in the present work is going
to be used in the upcoming Francis-99 workshops and
will from now on be called the Francis-99 model. It is
scaled down by 1:5.1 compared to the turbines used
in Tokke. This model has a slightly di erent runner
design compared to the full size Tokke runner because
it was designed by NTNU while the prototype runner
was designed by Andritz. Both the Francis-99 model
and prototype have a spiral casing with 14 stay vanes,
a wicket gate with 28 GVs, a Francis runner with 15
blades and 15 splitters, and an elbow type DT. The
BEP of the Francis-99 turbine has been defined with
a GV angle of 9.84¶, a rotational speed of 5.59 Hz, a
Figure 1. Setup of the Francis-99 model at NTNU
3Figure 2. Lines used for LDV measurements and points used
for pressure measurements [11]
mass flow rate of 203 kg/s and a net head of 11.91
m [10]. The Francis-99 test rig installed at NTNU is
represented in figure 1.
LDV measurements on the Francis-99 model DT
were performed by Sundstrom et al. [11] using the
closed loop configuration of the NTNU test rig (from
now on referred to as LDV measurements). The mea-
surements were done along two horisontal lines in the
DT cone as shown in figure 2. Section 1 and 2 were
placed 64 and 382 mm below the DT inlet respectively
where the radius was 177.5 and 196.2 mm in section
1 and 2, respectively. The axial velocity was defined
as positive upwards (towards the runner) and the tan-
gential velocity was defined as positive in the counter
clockwise direction (seen from above). Sundstrom et
al. [11] do not mention the circumferential position of
sector 1 and 2. The measurements at the BEP were
done at 16 points from the DT wall to the centre
of the DT and all the velocity measurements were
time averaged over a 720 s period. The measurements
were done slightly o  the BEP values defined for the
Francis-99 workshop; a mass flow rate of 207 kg/s
instead of 203 kg/s, a runner rotation of 5.74 Hz
instead of 5.59 Hz and a head of 12.77 m instead of
11.91 m were used [11], [10].
Pressure measurements have been done by Trivedi
et al. [1] on the Francis-99 model turbine and are avail-
able at the Francis-99 website [10]. These measure-
ments were done using the open loop configuration of
the NTNU test rig and 2 points in the DT called DT21
and DT11 defined on the Francis-99 website were used.
The placement of DT11 and DT21 can be found in
figure 2. The experimental measurements were done
at a sampling rate of 2083.33 Hz (¥every 4.80E-4th
second or 0.97¶ runner rotation) over a time period of
10 seconds. The pressure was measured as total static
pressure while there was atmospheric pressure in the
DT tank with a water level approximately at the same
level as the turbine centreline. These measurements
were done at the BEP as defined for the Francis-99
workshop [10]
A TRS simulation of the Francis-99 model was con-
ducted by Chirag Trivedi [1]. The simulation includes
the geometry from the spiral casing inlet to the DT
outlet. The simulation done by Trivedi had a GV angle
of 9.84¶, a rotational speed of 5.52 Hz, a flow rate of
0.199 m3/s and a net head of 11.88m. This simulation
will from now on be referred to as the TRS simulation.
IV. Numerical model
A. Transformation method
Several techniques are available to use for saving
time and computational resources when performing
transient simulations of turbine components. One is
to use only some blades of the turbine and let the
software copy the results around to emulate the whole
rotating and stationary blades assembly. This is often
not possible because of unequal pitch between the
components. In some cases this is solved by altering
the simulated geometry to achieve an integer pitch
ratio, but this approach a ects the validity of the
analysis. In the case of the Francis-99 model geometry
which has 28 GVs and 15 runner blades and splitters,
the geometry could not be divided at all because of
unequal pitch between the GVs and runner.
The transformation methods in ANSYS CFX aim to
achieve periodicity despite using one or two blade rows
with unequal pitch between rotating and stationary
blades. Periodicity between runner and GV must be
achieved to make it possible to use the transient
rotor-stator interface. There are three transformation
methods available in CFX.
The PT method makes it possible to use only one
rotating blade and one stationary blade regardless of
the pitch between them by scaling the flow profile
across the interfaces while keeping the correct blade
geometry and pitch ratio intact [12, ch. 6] [6]. The
PT method uses instantaneous periodicity on the in-
terfaces where unequal pitch is present and no special
time scaling for the blade passings is used. The lat-
ter introduces a distortion in frequency disturbances
crossing the rotor-stator interface and will therefore
not be able to predict flow imposed by rotor-stator
interactions [13, p. 2]. The overall performance and
flow is usually well predicted [6, p. 3].
4The time transformation and Fourier transforma-
tion methods are more advanced. Both methods are
able to represent the correct blade passing frequencies
between stationary and rotating domains. The time
transformation method is similar to the PT method
but prevents frequency distortions by scaling the time
proportionally to the scaling of the flow profile [12,
ch. 4.1]. The Fourier transformation method decom-
poses the pitch-wise periodics and the frequencies
on the rotor stator interface, and stores them using
Fourier series. The stored frequencies are then used
to reconstruct the flow with the correct rotor stator
frequencies [12, 4.2]. The present work is limited to
the PT method because of time limitations.
The mesh connection used in the PT simulations
is the general grid interface (GGI) which is able to
connect domains despite non equal meshes at the in-
terface. This mesh connection is in theory maintaining
strict conservation, should not a ect convergence and
takes pitch change into account by scaling the flow up
or down [12].
B. Mesh
The geometry was divided in to three domains for
the PT simulations. The first domain is a stationary
domain containing one GV. One runner blade and
one splitter constitute the second domain which is
rotating, while the third domain contains the whole
DT.
The mesh used in the present simulations is based
on the mesh provided in the first Francis-99 workshop
held in december 2014. The original mesh charac-
teristics for the DT and runner is shown in table I.
The mesh for the GV is specific to the present work.
The runner contains 15 identical runner blades and
15 identical splitters placed alternatingly. All 28 GVs
are equally spaced and identical. The mesh for both
domain 1 and 2 had to be cut to prepare the mesh for
use with the transformation method. All modifications
were done in the meshing software ANSYS ICEM.
For the runner this was done by sweeping the runner
blade suction side surface 6¶ counter clockwise and
18¶ clockwise from its original position. This approach
created an enclosure around one runner blade and one
splitter while also ensuring a totally similar surface
geometry on each side. This was important because
the geometry would be copied around and would
therefor have to fit perfectly into each other without
overlap or holes. This approach also ensured that 24¶
was cut out of the runner which is exactly 1/15 of
the runner. The runner blade does not extend to the
outlet of the runner so this section had to be cut by
extending lines from the already swept area along the
hub down to the runner outlet. This resulted in a slight
simplification to the runner geometry as it extended
the hub to the runner outlet. The GVs were cut by
defining a line between the blades and sweeping this
line ≥12.86¶ (1/28 of the circle). The surfaces created
by sweeping were then used to cut and associate the
existing blocking to create a mesh. The cutouts can
be seen in figure 4 together with the wireframe of the
whole assembly of runner and GVs.
An attempt was made to keep the blocking as
close to the original as possible but the cutting and
association to the new enclosure was not a straight
forward process and caused a reduction of quality
of the mesh both for the runner and DT sections,
especially at the outlets. The quality of the original
and modified mesh is shown in table I. Quality (of
element) and Min angle (of element) are two of many
Figure 3. Overview of the parts simulated
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ways to measure mesh quality in ICEM. A perfectly
regular mesh element would have a quality value of 1
while the perfect value for the angle would be 90¶ for
a hexahedral mesh. The modified mesh node numbers
for the GVs and runner are for the complete geometry,
not for the individual cut-outs. The max y+ value for
the original mesh are taken from the TRS simulation
done by Trivedi [1] while the max y+ values for the
modified mesh are taken from PT simulation 2. The
increase in max y+ from the original DT mesh to
the modified DT mesh can be explained by high local
velocities at the inlet that are not present in the TRS
simulation as the first layer thickness is unchanged.
C. CFX configurations
Two simulations have been done with the PT
method and the specifications are shown in table II.
PT simulation 2 was performed to make sure the
results were not a ected by the initial conditions
defined by a steady state simulation. PT simulation
Org. mesh Nodes Quality Min angle Max y+
GV — Ø0.31 19 747
Runner 5 172 300 Ø0.30 18 368
DT mesh 3 639 241 Ø0.66 44 8
Mod. mesh Nodes Quality Min angle Max y+
GV 966 840 Ø0.22 15 981
Runner 5 709 060 Ø0.10 6 864
DT 1 455 075 Ø0.66 45 91
Table I
Mesh quality
1 was done to check if simulation beyond the first
runner rotation is necessary for accurate results. Both
simulations were done with a time step of 2.4846E-4 s
corresponding to 0.5¶ runner rotation and results were
recorded every 4th time step. In PT simulation 1 one
rotation of the runner was simulated. PT simulation
2 was performed for 7 rotations of the runner while
the results were recorded for the last rotation.
Domain 3 was used to do a simulation of the DT
without the runner and GVs (called DT-only). This
simulation was configured the same way as PT simu-
lation 1 for comparison purposes. The inlet boundary
condition for this simulation was taken from the RSI
simulation and was defined as a velocity field.
All transient simulations were done on a high per-
formance computer at NTNU called Vilje. Details on
the specifications of Vilje can be found in table II and
on the NOTUR website [14].
1) Interface model and time step: The interfaces 1
and 2 in the transient simulations were both defined
as transient rotor stator. This interface model updates
the runner position and passes the information across
the interfaces for every time step [7, p.2]. It is normally
used for simulations with the full runner or a part of
the runner with full periodicity intact and takes all
transient e ects between the rotating and stationary
domains into account [12, sec. 5.3.3.1.4]. It is im-
portant to note that the circumferential normalised
coordinates option had to be set to global at the
interface between domains 2 and 3. This had to be
done because the hub presented an area with no mesh
at the centre of the runner outlet and CFX tried to
fill this void by moving the runner towards the centre
for the DT inlet. This in turn caused artificial flow
in the centre of the DT cone and no flow at the
DT walls. The global normalised coordinates option
controls the interaction that happens in the interface
by fixing both sides to their relative positions in
physical coordinates, while still allowing rotation [12,
sec. 13.1.4].
An adequate time step is important in transient
CFD simulations. There is a general focus on getting
the time step small enough to capture the transient
phenomena occurring. In this case, the transient com-
ponent of the simulation is the runner. The Francis-99
model runner has 15 full length blades, and 15 splitters
which start at the same place as the blades but end
at approximately half the length of the blades. This
fact e ectively gives di erent passing frequency at the
inlet and outlet of the runner. In the present work the
number of blades seen at the inlet of the runner (30)
was used to define the passing period. The passing
6period is defined as the time it takes from one blade
passing to the next. In this case the passing period
was
1
RPS ◊ blades =
1
5.59◊ 30 = 5.963◊ 10
≠3s (1)
The default way of defining the time step when
using transformation methods in CFX is to define the
number of time steps per passing period. The time
step has to be small enough to capture the transient
variations of interest and small enough for the simu-
lation to converge. Several time steps ranging from 5
to 200 per passing were tested and it was found that
the results became unphysical (DT pressure recovery
(PR) around or above 100%) for time steps above 50
per passing. The same problem was encountered by
Cervantes et al. [15, p. 3] where the fluctuations in
PR was attributed to rotating inlet boundary con-
ditions changing the relative position to the nodes
for every time step. The resulting interpolations for
every time step caused fluctuations. This could also
be the explanation for the PR fluctuations seen in the
present work. Cervantes et al. [15] solved the problem
by making sure that the relative position of the inlet
boundary condition to the nodes newer changed when
rotating. The time step of 24 per period (—t =
2.4846E-4s) was chosen to have a time step large
enough to make sure to stay out of the unphysical
results while keeping it small enough to be able to
capture the pressure pulsations.
The Courant number is commonly used as an indi-
cator for numerical stability of a transient simulation:
Courant number = v—t—x (2)
The Courant number indicates how many mesh cells
are passed by the fluid at one time step and it is
desirable to have a value lower than 1; indicating that
the fluid passes less than one cell in one time step [16,
p. 34].
2) Boundary conditions and turbulence model: The
inlet boundary condition for the PT simulations was
defined as a simple homogeneous velocity profile with
parameters presented in table II. This simple way of
defining the inlet boundary condition was chosen de-
spite the fact that more realistic velocity profiles were
available from the simulations done by Chirag Trivedi
[1]. This was done to have as realistic conditions
as possible considering that the inlet velocity profile
for the GVs is normally not available when doing
simulations on a new geometry. The outlet boundary
type was set opening with a pressure of 0 Pa and
a velocity direction normal to boundary condition.
The boundary type opening, allowing flow in both
Table II
CFX transformation method run definition
Parameters Description
Simulated components Domain 1: Stationary, one guide vane
Domain 2: Rotating at 5.59Hz clockwise (seen from above), one runner blade and one splitter
Domain 3: Stationary, draft tube
All domains have 0 atm as reference pressure
Grid type Multiblock, hexahedral
Simulation type Transient blade row, PT, time step size: 24 per period (¥ 2.49E-4s), 0.5¶ of runner rotation
PT simulation 1: Initial time 0 s, total time: one rotation (¥ 0.179s)
PT simulation 2: Initial time 0 s, total time: 7 rotations (¥ 1.25s)
Interfaces For duplication of blade rows: Rotational periodicity, Mesh connection: GGI
Interface 1 and 2: General connection, transient rotor stator with automatic pitch change,
mesh connection: GGI
Special for Interface 2: Circumferential normalised coordinates option set to global
Boundary conditions Inlet: Mass flow rate: 7.25 kg/s for each GV, 203 kg/s total, turbulence intensity 5%
Direction in cylindrical components: axial 0, radial -1/3, theta -1
Outlet: Opening, pressure (0 Pa) and direction (normal to boundary condition)
Walls: Smooth walls with no slip condition
Fluid Water at 20¶C
Solver control Advection Scheme: High resolution
Transient scheme: Second order backward Euler
Turbulence numerics: High resolution
Convergence control Maximum coe cient loops: 10, residual target (RMS): 1E-5
Turbulence model SST
Run type 10 nodes with 8 cores each (Xeon E5-2670@2.60GHz), 32 GiB per node, double precision
7directions, was chosen for numerical stability of the
simulation.
The turbulence model was for all simulations set to
the shear stress transport (SST) model. Work done on
the Turbine-99 [17] for example by Simen Røst Breivik
[3] and Bjo¨rn Jedvik [5] has shown contradicting re-
sults on which turbulence model is best to use in a DT
simulation. In the case of Francis-99 Chirag Trivedi
[1] tested both the k ≠ ‘ and the SST turbulence
model and concluded that both worked well in TRS
simulations done on the Francis-99 model. Simulations
with the transformation methods by Connel et al.
[6] in collaboration with ANSYS were solely done
with the SST model. The use of the SST turbulence
model was based on this, and the author’s previous
experience with SST. Further discussion on the SST
turbulence model can be found in the work done by
Moritz [4, p. 13]and Geberkiden [16, p. 41].
3) Initial conditions: The PT and DT-only simu-
lations done in the present work use a steady state
solution as initial condition. For the DT-only simu-
lation, a steady state version of the simulation setup
was performed. The steady state initial condition for
the PT simulations used the same geometry as in
the transient PT simulation but the interfaces 1 and
2 had to be defined as frozen rotor. This interface
model fixes the runner in one position and passes the
true flow up and down stream as if it was rotating
but only for this position of the runner. There is
no averaging of the flow for each position [12, sec.
5.3.3.1.2]. This gives a good initial condition but does
not take any transient e ects into account. The steady
state simulation for the PT simulation was stopped
after 500 iterations while the root mean square (RMS)
residuals were oscillating at 10≠4 - 10≠5 most likely
because of transient e ects in the DT. The steady
state simulation for the DT-only simulation converged
(maximum residuals lower than 10E-6).
D. Evaluation methods
1) Pressure: The pressure from simulations was
captured at DT21 and DT11 as defined in section III.
The results were recorded every 4th time step for one
runner rotation. A fast fourier transform analysis was
conducted to find the frequencies. All pressure results
shown in the present work are made to fluctuate with a
mean value of 0 for easier comparisons by subtracting
the mean pressure value:
P (t)≠ P¯ (3)
2) Velocity: The velocity profiles were captured by
defining section 1 and 2 in the simulations at the
same place and with the same positive directions as
described in section III. 100 points were defined along
both lines and velocities in the tangential and axial di-
rection were time averaged using measurements from
18 time steps during one rotation of the runner both
for PT simulation 1 and 2.
3) Pressure recovery: The DT is converting kinetic
energy into pressure and thereby e ectively lowering
the pressure at the inlet [4]. Pressure recovery of the
DT is a common way to estimate the DT performance.
The pressure recovery shows the fraction of the kinetic
energy that has been converted to pressure through
the DT and is defined as
PR = P2 ≠ P10.5ﬂv2all
(4)
The PR presented in the present work are time
averaged values for all time steps during one rotation
of the runner except for the RSI simulation by Trivedi
where only the value from the last time step was
available.
4) Computational time: It is di cult to compare
the computational resources of two simulations done
on di erent computers with a di erent number of cen-
tral processing unit (CPU) cores. Di erence in clock
speed of the CPU, random access memory (RAM),
and in overlap between the computation domains
because of di erent number of cores are some of the
aspects making a comparison di cult. The most con-
venient way of comparing the computational resources
used by two simulations is to compare the CPU time
for one specific sequence from both simulations. The
CPU time is defined as the time one CPU core is used
for a computation task. CFX shows the elapsed total
CPU time which is related to CPU time as shown in
equation 5.
CPU time = Total CPU timenumber of CPU cores (5)
V. Results
A. Convergence
1) Mesh independence: A mesh independence test
was conducted for the DT mesh. All tests were
done with simulations at BEP with the inlet velocity
boundary condition from the RSI simulation. The
di erent meshes that were tested are shown in table
III. Mesh 1 is the original mesh supplied for the
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(b) Tangentilal velocity profiles from sector 1Figure 5.
Francis-99 workshop. Mesh 2 and 3 were globally
scaled down and have a mesh growth ratio of 1.5 from
the wall. Mesh 4 has the same growth ratio but the
first layer thickness (f.l.t) was increased to 1.0. Mesh
5 and 6 have a growth ratio of 1.15 and a f.l.t of 0.1
and 0.01 respectively to better capture the boundary
layer at the wall.
All meshes allow a converged simulation (resid-
ual target max 1E-6) except for mesh 5 where the
residuals started oscillating at values around 10E-5
and mesh 6 which had oscillating residuals above 1E-
4. The fact that convergence gets worse when y+
decreases in a DT is a phenomenon observed and
discussed by Moritz [4, sec. 4.1].
Mesh 3 was chosen for the simulations done in
the present work since there were no real di erences
between the results from the simulations done with the
meshes except lower convergence for higher resolution
close to the wall (mesh 5 and 6). Furthermore, mesh
3 was the least computational expensive.
2) Transformation method convergence: The PT
simulations inner loop converged after 4 - 5 itera-
Mesh nr. of nodes f.l.t [mm] avg. y+ PR
DT Mesh 1 3 639 241 0.32 25.6 81.638%
DT Mesh 2 2 488 200 0.32 25.6 81.567%
DT Mesh 3 1 455 075 0.32 25.6 81.577%
DT Mesh 4 1 455 075 1.0 80.4 81.887%
DT Mesh 5 1 455 075 0.1 8.1 81.217%
DT Mesh 6 2 579 115 0.01 1.6 – %
Table III
DT mesh sepcifications for mesh independency test
tions. The RMS Courant number was 0.66 and the
maximum Courant number was 22.38. The maximum
Courant number is higher than desirable and found to
be caused by the compromised quality of mesh at the
outlet of the GV and the runner. A smaller time step
could have lowered the Courant number but was not
used because of problems with unphysical results as
discussed in section IV-C.
The mass flow rate conservation in the interfaces 1
and 2 deviated with a maximum 0.12% with a mass
flow rate in to the GV of 203 kg/s and a mass flow
rate of 202.75 out of the DT. This is a large deviation
compared to a deviation less than 10E-5% registered
in the TRS simulations done on the whole assembly
by Trivedi [1, Table 5]. The largest deviation was
registered at interface 2. The GGI should provide full
conservation across domaines but in combination with
the use of only 1/15 of the runner it could be that
the GGI was not so conservative as it should. The
up and down scaling of the flow to take pitch change
into account does not seem to be the cause as the
flow varies very little (max 0.008 kg/s) for one runner
rotation.
The comparison of the time averaged velocity pro-
files recorded during the first (PT simulation 1) and
seventh (PT simulation 2) rotation of the runner can
be seen in figures 5. The solution from PT simulation
1 is not fully converged, specially for the tangential
velocity profile. This is a normal phenomenon but
it could be discussed if this deviation is big enough
to justify the computational resources needed for a
simulation with several additional rotations of the
9runner.
The pressure recovery was measured and averaged
over one whole rotation of the runner for simulation
1 and 2. The average PR for PT simulation 1 was
87.67% and 87.01% for PT simulation 2.
The presented results show the necessity of letting
the transient simulation settle to get values that
are not influenced by the initial conditions. It was
not tested how many runner rotations were really
necessary to achieve a fully converged results but
it was assumed that seven rotations were su cient
based on how little the velocity deviates over one
runner rotation in PT simulation 2 compared to PT
simulation 1. The following presents only the results
from PT simulation 2.
B. Transformation method speed
One of the main advantages of using transformation
methods is to simulate only a small portion of a
repeating geometry and thus reducing the simulation
time. The TRS simulations by Trivedi [1] were done on
84 CPU cores while the PT simulations of the present
work were done on 80 CPU cores. Both simulations use
720 time steps to cover one runner rotation and both
simulations converged after 4-5 coe cient loops in
every time step. The CPU time for one runner rotation
for the TRS simulation was 67.5 hours while the CPU
time for one runner rotation for the PT simulation was
2.7 hours. This means, when assuming equal computer
setup, that the TRS simulation used approximately
25 times the computational recourses for one runner
rotation compared to the PT simulation. The speed
advantage of the PT simulation compared to the TRS
simulation is significant but no surprise as the mesh
simulated in the PT simulation is much smaller.
C. Transformation method accuracy
Comparisons of the pressure recovery, pressure mea-
surements and velocity profiles will be presented to
find the accuracy of the PT simulation results.
1) Pressure recovery in the draft tube: The pressure
recovery for the PT, DT-only and TRS simulation was
extracted as described in section IV-D3. The PR for
the full simulation was 84.1%. The slight di erence
in mass flow rate in the TRS simulation compared to
the PT simulation is not believed to have a significant
impact on the PR. The PR of the PT simulation
seems to over estimate the DT performance with a
PR value of 87.0%. In theory the overall performance
should be predicted well with the PT method but 3%
points above the value from the full simulation does
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Figure 7. FFT analysis of frequencies measured in PT simula-
tion 2
not confirm this. The DT-only simulation gave a PR
of 81.6% which under predicts the PR almost as much
as the PT simulation over predicts it. This could be
explained by the influence of a static inlet condition
where all interaction between DT and upstream is not
simulated. The PR from the DT-only simulation is in
fact very close to the steady state simulations done
with the same inlet conditions (81.6%) which shows
that the DT at BEP without a rotating runner has
few transient e ects that influence the PR.
DT PT RSI
PR 81.6% 84.1% 87.0%
Table IV
PR extracted from three simulations
2) Pressure measurements at DT11 and DT21:
Only the results from DT21 will be shown as the pres-
sure data from DT11 and DT21 were near identical
except for the time shift of the pulsations because of
their position.
A fast Fourier transform (FFT) analysis of the pres-
sure recorded every 4th seconds for one rotation of the
runner shows frequencies of 86, 173, 259, 346 and 432
Hz, from now on called freq. 1 - 5 respectively. These
measurements were done downstream of the runner
and it is therefor expected to see at least frequencies
relating to the blade passings (15◊ 5.59Hz= 83.9Hz)
and the blade + splitter passings (30 ◊ 5.59Hz=
167.7Hz). These frequencies were observed but it is
not clear if freq. 2 is the second harmonic frequency
of freq. 1 or if it is actually related to the splitters.
Freq. 3 - 5 were found to be the third, fourth and
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fifth harmonic frequency of freq. 1 (refer to appendix
C). It must be recognised that freq. 4 and 5 are
relatively strong. The reason for this could be the same
as encountered by Cervantes et al. [15] as discussed
in section IV-C1. Figure 7 shows the result from the
FFT analysis with the x-axis showing frequency values
normalized with the runner rotation frequency (5.59
Hz). This makes it possible to see that freq. 1 and
2 correspond to the number of blades and splitters,
respectively.
The frequencies observed by Trivedi in experimen-
tal measurements [10] were 15.95, 39.48, 100, 165.74
and 300 Hz where the first two are typical pressure
fluctuations in the model setup at NTNU between
the upstream tank and the runner and the DT tank
and the runner. The 100 and 300 Hz frequencies are
assumed to come from a frequency transformer used
in the experiments. This leaves only the blade passing
frequency of 165.74 Hz which was also observed in the
present simulation.
In general it must be noted that the amplitude
of the pressure fluctuations at DT21 were lower in
the simulations than in the already low amplitudes
in the measurements done by Trivedi. This can be
seen in figure 6 which shows pressure values for a
half runner rotation from PT simulation 2 and ex-
periments done by Trivedi [1]. The low frequencies for
the experimental values shown in the figure should be
ignored (reasons mentioned above). The values from
experiment and the transform simulation have some
resemblance when looking at the high frequencies. It
can also be seen in figure 6 that the values from
simulation have a slightly higher frequency (as found
by FFT).
Detailed flow phenomena like pressure pulsations
can be a ected by the distortion in frequency distur-
bances across the rotor-stator interfaces induced by
the PT method. This could be one of the reasons for
the inaccurate frequencies and amplitude of the pres-
sure. One other cause for the inaccurate frequencies
can be the relatively few values that were available
for the FFT analysis.
3) Velocity profiles at section 1 and 2: The axial
and tangential velocity profiles for both section 1 and
2 from PT simulation 2, DT-only, TRS simulation and
LDV measurements are compared in figures 8 and 9.
All values are normalised with the bulk speed at the
DT inlet.
The axial PT simulation 2 profiles have a lower
velocity close to the DT centre and the velocity is
higher close to the DT wall both for sector 1 and 2
compared to the LDV profiles. The lower velocities
close to the DT centre could be explained by the
simplifications done to the hub area of the runner.
The extension of the runner hub prevents the water
from flowing towards the centre of the DT and thereby
causes the water to flow slower in this area. The higher
velocity at the DT wall could mean that the roughness
of the wall is defined too smooth in the simulations or
it could mean that the LDV measurements are a bit
o set towards the DT centre.
The tangential PT simulation 2 profiles di er from
the LDV profiles but seem to follow the same basic
form, especially considering that the measured LDV
points close to the DT centre are relatively far apart.
This fact could prevent the LDV measurements from
showing a velocity peak at or around the same radius
as the simulation profiles. The axial velocity profiles
from PT simulation 2 have the largest deviation from
the LDV measurements close to the DT centre. This
could be caused by the simplification done at runner
hub which adds some surface area in the middle of the
runner outlet. This surface could impose more rotation
of the water close to the centre of the DT.
The profiles from the TRS simulation are almost
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Figure 6. Pressure measurements from DT21 for 180¶ runner rotation
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(b) Axial velocity profiles from sector 2Figure 8.
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(b) Tangential velocity profiles from sector 2Figure 9.
without exception closer to the LDV profiles in both
sector 1 and 2. The main reason for the deviation of
PT simulation 2 from the LDV and TRS simulation
in all cases is most likely the simplification done in the
runner hub area. Other sources for the deviation can
be the relatively rough estimate for the inlet velocity
to the GVs as this can a ect the flow more than ini-
tially thought. The reduced quality of the mesh at the
outlet of the GVs and runner could also a ect the flow
in to the DT. The DT-only simulation gave slightly
di erent profiles compared to the TRS simulation
which confirms that the interaction between runner
and DT a ects the flow in the DT. The deviation
between the DT simulation and the TRS simulation is
expected to be larger for simulations at other turbine
operating points where the transient phenomena are
more prominent.
D. General discussion
The results show a significant reduction in com-
putational resources needed for the PT simulation
compared to the TRS simulation. The results seem to
be less accurate than even a steady state simulation of
the DT defined with inlet boundary conditions from
the TRS simulation. The transformation method has
worked well for gas turbines in other studies (see
section II) suggesting that there are other reasons
for the inaccurate results. The GV and runner mesh
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have a reduced quality and were not tested for mesh
independency because of time limitations which could
be a source of error. The simple definition of the inlet
boundary condition at the GV inlet could be a reason
for the inaccurate results. The relatively large devia-
tion in the mass flow rate in interface 2 could probably
also have been significantly reduced by defining a
strict conservation criteria at the interface in CFX,
which could enhance the accuracy of the results. It
must also be kept in mind that the PT method is the
simplest of the three transformation methods and it
is very likely that the fourier transformation method
could give better results for the present model.
One important aspect that needs to be discussed
when considering the use of a transformation method
is the availability of a mesh. The transformation
method is convenient if the mesh has to be constructed
from scratch anyway as only a small portion of the
geometry has to be meshed. The choice is not so
obvious if a mesh of the whole geometry is available in
the first place. The cutting and modifications neces-
sary to make the mesh work with the transformation
method takes a considerable amount of time, and
after that even more time will be spent optimising
the mesh quality because it has been a ected by the
modifications.
Furthermore, these kind of methods that reduce
the needed amount of computational resources could
become less relevant as the available computer power
steadily increases over time. The present work shows
the potential reduction in simulation time and that
a TRS simulation still takes a very long time to
compute. It is therefore believed that these kind of
methods will be useful in the foreseeable future, espe-
cially for computationally expensive simulations like
fluid-structure interaction simulations.
The transformation method promises a great re-
duction in simulation time (which was confirmed)
and accurate results (which was not confirmed). It is
believed that transformation methods true potential
was not shown in the present work, and that further
work eliminating the mentioned sources of error could
reveal how well this method really works.
The comparison of PT simulation 1 and 2 showed
that a simulation of one runner rotation was not
enough to give a converged solution. It could on the
other hand be discussed if seven simulated runner
rotations is excessive and that maybe even just two
runner rotations would be enough.
VI. Conclusions
The goal of this thesis has been to find out if the PT
method can save computational resources compared
to a TRS simulation while still being able to give
accurate results. An additional goal has been to check
if additional computational time can be saved by only
simulating one runner rotation instead of letting the
simulation settle over several rotations.
The computational resources used by the PT sim-
ulation were significantly reduced because of the re-
duced mesh compared to the TRS simulation. This
confirms one of the main advantages of the trans-
formation methods compared to a TRS simulation.
The accuracy of the PT simulation on the other
hand was not as expected, as results did not match
experiments or the TRS simulation. It was concluded
that this deficit in accuracy most likely is caused
by simplifications done at the hub of the runner,
rough inlet boundary conditions, quality of the runner
and the GV mesh and the use of the PT method
rather than the fourier transformation method. It was
additionally found that it is necessary to simulate
more than just one runner rotation as the results
deviated significantly from the simulation with seven
runner rotations.
It is recommended that the research on this topic
is continued as the present work is not conclusive
about the usefulness of transformation methods in
conjunction with hydro power turbines as a tool for
achieving realistic DT simulations.
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Appendix
The appendix files can be found attached as a .zip
file to the present work.
A. Convergence analysis
Excel document showing showing PR, analysis of
velocity profiles and the data gathered for finding the
right time step.
B. Pressure data
Excel document showing all pressure data gathered
for DT21 and DT11 + the pressure data from exper-
iments.
C. Pressure frequency analysis
Excel document showing harmonic frequencies for
the pressure measurements at DT21.
D. Script for Vilje
PBS script showing a typical definition of a CFX
run on the Vilje high performance computer.
E. Export-velocity-every-time-step
CFX post session file for exporting all time steps of
the 100 velocity measurements along sector 1 and 2.
